Lentiviruses, including human immunodeficiency virus type 1 (HIV-1), typically encode fusion glycoproteins with long cytoplasmic tails (CTs). We previously reported that immature HIV-1 particles are inhibited for fusion with target cells by a mechanism requiring the 152-amino-acid CT of gp41. The gp41 CT was also shown to mediate the detergent-resistant association of the HIV-1 envelope glycoprotein complex with immature HIV-1 particles, indicating that the gp41 CT forms a stable complex with Gag in immature virions. In the present study, we analyzed the effects of progressive truncations and point mutations in the gp41 CT on the fusion of mature and immature HIV-1 particles with target cells. We also determined the effects of these mutations on the detergent-resistant association of gp41 with immature HIV-1 particles. Removal of the C-terminal 28 amino acids relieved the dependence of HIV-1 fusion on maturation. However, a mutant Env protein lacking this region remained associated with immature HIV-1 particles treated with nonionic detergent. Further mutational analysis of the C-terminal region of gp41 revealed two specific sequences required for maturation-dependent HIV-1 fusion. Collectively, our results demonstrate that the extreme C terminus of gp41 plays a key role in coupling HIV-1 fusion competence to virion maturation. They further indicate that the stable association of gp41 with Gag in immature virions is not sufficient for inhibition of immature HIV-1 particle fusion.
Human immunodeficiency virus type 1 (HIV-1) virions assemble and bud from the plasma membrane of infected cells as immature particles that must undergo proteolytic maturation to become infectious (14, 15) . During budding, the viral protease (PR) cleaves the Gag structural polyprotein precursor into MA (matrix), CA (capsid), NC (nucleocapsid), and p6 proteins (30) . These proteins rearrange to form the mature conical core with a metastable capsid shell that is required for completion of the early phase of the virus life cycle in the target cell (reviewed in reference 33) . Particles that are arrested in various stages of maturation are noninfectious, most likely due to impaired uncoating in target cells (36) .
HIV-1 entry into target cells is mediated by interactions of viral Env proteins with CD4 and chemokine coreceptors on target cells. Binding to CD4 induces exposure of a coreceptor binding site on gp120, triggering conformational changes in the transmembrane protein gp41 leading to membrane fusion (reviewed in reference 23). In addition to the gp41 ectodomains that catalyze fusion, gp41 also possesses a 150-amino-acid cytoplasmic tail (CT). The CTs of lentiviral transmembrane fusion proteins are significantly longer than those of other retroviruses (16) , suggesting that this domain has one or more functions specific to lentivirus replication or persistence.
Although no high-resolution structural data are available for the gp41 CT, this region contains several predicted structural features, including the following: three predicted ␣-helical regions, designated "lentivirus lytic peptides" (LLP-1, LLP-2, and LLP-3) because of their cytolytic effects on cell membranes (24, 25, 42) ; a membrane-proximal tyrosine-based endocytic motif, Y 710 XXL (21, 35) ; a palmitylated Cys at position 762, implicated in Env protein association with lipid rafts (3, 43) ; a C-terminal calmodulin-binding dileucine endocytic motif (7, 32, 40) ; and a diaromatic motif, Y 802 W 803 , required for association with the cellular protein TIP47 (4, 22) .
The CT of HIV-1 gp41 appears to serve several functions in the virus life cycle. Most notably, the CT is required for Env incorporation during assembly of HIV-1 particles in a celltype-dependent manner (11) (12) (13) . Particle incorporation of Env appears to involve interactions between Gag and the gp41 CT, as indicated by several lines of evidence. First, Env promotes the selective budding of HIV-1 particles from the basolateral surfaces of polarized epithelial cells by a mechanism that requires the CT (21, 29) . Second, incorporation of Env into HIV-1 particles is inhibited by mutations in the CT, and this defect was rescued by a mutation in the MA region of Gag (27) . Evidence has also been reported for exposure of a proximal region of the gp41 CT on the outside of the viral/cellular membrane, where it forms a neutralization-sensitive epitope (9) . More recently, a ternary interaction between the gp41 CT, the cellular protein TIP47, and the Gag polyprotein has been implicated in HIV-1 Env trafficking and particle incorporation (4, 22) .
We have reported biochemical evidence for a stable interaction between Pr55
Gag and the cytoplasmic tail of gp41 in immature HIV-1 particles (39) . Both gp120 and gp41 remained associated with immature (i.e., protease-defective) virions after treatment with a nonionic detergent. This association was dependent on the gp41 CT, suggesting that the CT is tightly associated with Gag in immature HIV-1 particles. Subsequently, we and others showed that immature HIV-1 particles are impaired for fusion with target cells by a mechanism requiring the gp41 CT (26, 38) . Based on these findings, we concluded that fusion of HIV-1, mediated by gp41 on the viral surface, is inhibited by an interaction of the gp41 CT with Gag within immature virions (38) .
In the present study, we tested the hypothesis that the association of gp41 with Gag is responsible for the impaired fusion of immature particles. We analyzed the effects of truncations and point mutations in the gp41 CT on fusion of mature and immature particles and on the association of Env proteins with immature HIV-1 particles following treatment with nonionic detergent. The results revealed that a distal C-terminal region of gp41 is required for repressing the fusion activity of immature HIV-1 particles. They further indicate that the detergentresistant association of Env with immature HIV-1 particles is not sufficient for coupling HIV-1 fusion to maturation.
MATERIALS AND METHODS
Cells and culture conditions. 293T and P4 cells were cultured at 37°C in 5% CO 2 in Dulbecco's modification of Eagle's medium (Cellgro) supplemented with fetal bovine serum (10% [vol/vol]), penicillin (50 IU/ml), and streptomycin (50 g/ml). SupT1 cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum and penicillin plus streptomycin.
HIV-1 proviral constructs. Wild-type HIV-1 particles were generated from the pNL4-3 clone, which carries full-length open reading frames for all HIV-1 genes. pNL-CTdel144-2, encoding an Env protein lacking the C-terminal 144 amino acids, was previously described (13) . The pNL-MA/p6 clone produces immature HIV-1 particles containing mutations inactivating all of the known Gag cleavage sites and was previously described (38) . To construct novel mutations in the gp41 CT, PCR products were generated by segment overlap PCR using primers containing the desired mutations. Primer sequences for the truncation mutants are shown in Table 1 . The products were digested with restriction enzymes and used to replace the corresponding NheI-XhoI or BamHI-XhoI restriction fragment in pNL4-3 and pNL-MA/p6 to generate mutant proviruses. pNL-CT42 was transferred using a HpaI-XhoI fragment. A series of triple alanine substitutions spanning V810 to L854 in the C terminus of the gp41 CT were created; the primer sequences are shown in Table 2 . In addition to these coding changes, silent mutations were also included so as to generate a novel PstI restriction site to facilitate identification of mutant clones. All constructs were confirmed by DNA sequencing. MA/p6 mutant viruses containing Env mutations were created by transfer of the BssHI-EcoRI fragment from pNL-MA/p6 into the pNL4-3-based mutant viruses. pNL4-3.Env Ϫ and pNL4-3.MA/p6.Env Ϫ were constructed by replacing the 2.6-kbp SalI-BamHI fragment with the corresponding fragment from R9.Env Ϫ (2). Production of virus stocks. To produce HIV-1 reporter viruses for quantifying virus-cell fusion, we transfected 293T cells in 100-mm-diameter dishes with 20 g of proviral DNA and 7 g of pMM310, encoding a BlaM-Vpr fusion protein, as previously described (38) . Culture supernatants were harvested 36 to 48 h after transfection and clarified through 0.45-m-pore-size syringe filters, and aliquots were buffered with HEPES (10 mM) prior to storage at Ϫ80°C. Samples were assayed for p24 by enzyme-linked immunosorbent assay (ELISA) (34) after incubation for 10 min at 95°C in the presence of 1% sodium dodecyl sulfate (SDS) to disrupt immature particles. Samples were subsequently diluted by at least 100-fold prior to assay to prevent SDS interference with antigen-antibody interactions in the ELISA.
Virus-cell fusion assay. The HIV-1 virus-cell fusion assay was performed using BlaM-Vpr-bearing HIV-1 particles and SupT1 target cells as previously reported (18) . All of the experiments were performed with Env-defective particles in parallel as a control to quantify the background in the assay. In this way, the potential for artifacts resulting from low signal/noise ratios was minimized. For quantitative comparison of fusion between viruses, the fusion was expressed as a function of the amount of p24 in the respective inoculum. All of the fusion assays were performed using a range of virus dilutions to obtain signals at which the assay was not saturated. For each virus, the value used in the calculation of fusion efficiency was obtained from the maximal virus dose that gave a fusion signal that was within the linear range of the titration curve. These values were obtained from duplicate samples (which were normally within 10% of one another), and signals obtained with Env-defective virus were subtracted from the results to determine the specific fusion efficiencies, which were then used to calculate the ratio of mature to immature fusion efficiency. The results from several experiments were used to calculate means and standard deviations for the ratios of the mature and immature HIV-1 fusion efficiencies.
Immunoblotting of viral lysates and cell lysates. Immunoblotting of virus and cell lysates was performed as previously described (10) . Briefly, virus stocks were normalized by p24 ELISA and pelleted through a cushion of 20% sucrose in STE buffer in a Beckman TLA-55 rotor at 45,000 rpm for 30 min and the supernatants removed by aspiration. Proviral DNA-transfected cells were lysed with NP-40 at a final concentration of 0.5% in STE buffer for 30 min on ice and centrifuged to remove nuclei. The protein concentrations were measured in a bicinchoninic acid assay (Pierce). The viral pellets and cell lysates were dissolved in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, heated at 95°C for 5 min, and subjected to electrophoresis onto 4 to 20% polyacrylamide gels containing SDS (Bio-Rad). Proteins were transferred to polyvinylidene difluoride, and the blots were probed with rabbit antibody to CypA (from Louis Henderson) and mouse monoclonal antibodies to CA (from hybridoma 183-H12-5C; obtained via the NIH AIDS Research and Reference Reagent Program) and BlaM (QED Bioscience Inc.). The gp41 protein was detected with human monoclonal antibody 246-D, which recognizes the gp41 ectodomain (NIH AIDS Research and Reference Reagent Program). Protein bands were detected using the LI-COR Odyssey imaging system after probing with the appropriate infrared dye-conjugated secondary antibodies. Protein bands were visualized using the Odyssey infrared imaging system (LI-COR) and quantified using the instrument software. Background signals were determined from a uniform area near the relevant protein band and were subtracted manually.
Treatment of immature HIV-1 particles with nonionic detergent. Immature cores were isolated as previously described (39) . The filtered supernatants (60 ml) from transfected 293T cells were pelleted through a cushion of 20% sucrose in STE (10 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA). Pellets were dissolved in a buffer containing 0.5% Triton X-100 at either 4°or 37°C and subsequently repelleted by centrifugation for 30 min in a Beckman TLA-55 rotor at 45,000 rpm. The pellets were dissolved in a total volume of 30 l of SDS-PAGE sample buffer, and the proteins were analyzed by immunoblotting.
␤-Lactamase (BlaM) assay. To control for potential variations in BlaM levels in virus stocks, a correction factor for the fusion assay was generated by calculating the relative BlaM/p24 ratio in the pelleted virions. For quantitative comparison of BlaM activity between viruses, virus particles were concentrated by centrifugation through a cushion of 20% sucrose in STE buffer in a Beckman TLA-55 rotor at 45,000 rpm for 30 min. The viral pellets were lysed in phosphatebuffered saline buffer containing 0.01% Triton X-100, and the fluorescent BlaM substrate CCF2-FA (Invitrogen) was added to a final concentration of 0.8 M. Reaction mixtures were incubated for 14 h at room temperature. Fluorescence was measured at 447 and 520 nm in a microplate fluorometer (BMG Fluostar). The ␤-lactamase activity levels in the samples were normalized for p24 content following ELISA quantification of p24 in the actual samples. The resulting values were then used to normalize the fusion signals.
RESULTS

Design and construction of CT truncations.
Immature HIV-1 particles are repressed for fusion with target cells by a mechanism that depends on the gp41 CT. To identify regions of the gp41 CT required for inhibition of immature HIV-1 fusion, we engineered proviruses encoding gp41 proteins truncated in the C-terminal region of Env in the full-length HIV-1 clone pNL4-3. The mutations were designed to progressively remove the reported conserved domains or motifs including the tyrosine-based sorting signal (Y 710 XXL; numbering based on the HIV-1 NL4-3 provirus sequence), Cys762, three amphipathic helical segments (LLPs), and two inhibitory sequences (is1 and is2). The locations of the mutations are depicted in Fig. 1 . To determine the effects of the mutations on the fusion of immature HIV-1 particles, we also transferred these mutations into the pNL-MA/p6 clone (38) , which produces immature HIV-1 particles due to the presence of mutations at the Gag cleavage sites, which block cleavage of the protein by the viral PR. This approach was taken because of the requirement for active PR in the BlaM-Vpr virus-cell fusion assay (38) .
Truncation of the gp41 CT affects Env expression, incorporation, and stability. Previous studies have indicated that truncations of gp41 CT can lead to impaired incorporation of Env; however, removal of the entire CT can be tolerated when the virus is produced in a few cell lines, such as 293T, HeLa, and MT-4 (28). We therefore sought to more precisely localize regions of the CT that modulate Env incorporation. For Env expression and particle incorporation studies, the CT mutant on June 22, 2017 by guest http://jvi.asm.org/ proviral clones were transfected into 293T cells, and the resulting virus particles and cell lysates were analyzed by immunoblotting for gp41 and CA (Fig. 2) . Band intensities were determined directly from the integrated signal intensities using the LI-COR Odyssey system, thereby avoiding the pitfalls associated with chemiluminescent detection and imaging with film. For analysis of Env expression, the Env glycoprotein (gp160 plus gp41) signals in cell lysates were normalized by the Nef band to control for transfection efficiency (Fig. 2C) . Likewise, the virion-associated Env levels were determined by normalizing the gp41 intensities versus the CA intensities in virus lysates (Fig. 2C) . Overall, the mutants constituted three classes. Mutants CT144, CT126, CT104, and CT93 exhibited roughly normal Env levels in cell lysates, and the levels of virion-associated gp41 were greater than or equal to that of the wild type. The second group, including CT90, CT66, and CT59, exhibited reduced Env expression (i.e., 30 to 50% of wild type) and low levels of particle-associated gp41 (5 to 15% of wild type). In the third group, which included mutants CT49, CT42, and CT28, Env expression and incorporation were only moderately affected (i.e., 40 to 140% of wild type). CT49 and CT42 exhibited normal levels of particle-associated gp41, while that of CT28 was moderately reduced (40%). Furthermore, comparison of the particle-associated gp120 and gp41 levels revealed that all truncated Env proteins (except CT90, CT66, and CT42, for which the gp120/gp41 ratio could not be accurately determined due to low levels of virion-associated Env) exhibited a reduced gp120/gp41 ratio relative to that of the wild type (Fig. 2D) , suggesting that the CT regulates the stability of the gp41-gp120 association. Analysis of the gp160 and gp41 levels in cell lysates also revealed Env processing defects for several of the mutants, including CT144, CT104, CT90, CT66, and CT49 (Fig. 2E) , suggesting that the gp41 cytoplasmic tail contains determinants important for efficient processing of gp160 to gp120 and gp41. Identification of a gp41 CT domain regulating fusion of immature HIV-1 particles. Using a specific assay of HIV-1 virus-cell fusion, we previously demonstrated that the impaired fusion capacity of immature HIV-1 particles is due to a repressive activity of the gp41 CT (38) . To determine the role of conserved gp41 CT sequences in fusion repression, we tested a panel of mature and immature HIV-1 particles bearing the truncated Env proteins for fusion with target cells. The fusion signals were normalized for virus input (by p24 ELISA) and for virion-associated BlaM activity to control for variations in BlaM incorporation. Although the poor Env incorporation in some of the mutant viruses resulted in lower fusion signals, the results revealed that the fusion of HIV-1 particles bearing truncated Env proteins was less dependent on maturation than particles with full-length Env (Fig. 3) . The dependencies of the fusion of each the CT mutant viruses on maturation were only slightly greater than that of the CT144 mutant (Fig. 3B) , which lacks all but six cytoplasmic amino acids and whose fusion is essentially independent of maturation (26, 38) . The CT28 mutant removed only 28 residues from the C terminus of gp41, resulting in the loss of the sequence corresponding to LLP-1. These results thus implicated sequences within LLP-1 in the maturation-dependent regulation of HIV-1 fusion.
Identification of gp41 CT sequences required for Env association with Gag in immature HIV-1 particles. We previously showed that the stable interaction of gp41 with Pr55
Gag in immature HIV-1 particles requires the HIV-1 CT (39). To identify regions of the CT required for association with Gag in truncated CT immature virions, we assayed the levels of Env proteins on immature particles following treatment with nonionic detergent (0.5% Triton X-100). Treated and untreated particles were pelleted, and proteins were analyzed by immunoblotting with antibodies to gp41, Gag, and CypA (Fig. 4A) . CypA is specifically incorporated into HIV-1 virions but is removed upon detergent treatment of HIV-1 particles (39). As previously observed, immature particles bearing wild-type Env retained a majority of the gp41 protein following detergent exposure. By contrast, the Env proteins were removed from the CT-deficient virions (CT144) upon detergent treatment. Quantification of the band signals revealed a striking difference between the CT104 and CT93 mutants. Upon treatment with detergent, immature particles retained less than 5% of the CT104 mutant gp41 protein but nearly 80% of the CT93 mutant glycoprotein (Fig. 4B) . Additional studies demonstrated that treatment of the CT93 immature particles with Triton X-100 at 37°C did not remove the Env protein (unpublished results). Treatment at 37°C is known to disrupt membrane microdomains known as lipid rafts (5); this result therefore indicates that the detergent-resistant association of the CT93 Env protein with immature particles is probably not mediated by lipid rafts. Although some of the mutants exhibited inefficient Env expression and/or incorporation, overall the results indicated that mutants bearing gp41 proteins corresponding to CT93 or longer remained associated with immature particles following detergent treatment. Thus, a gp41 CT as short as 57 amino acids is apparently sufficient for detergent-resistant association with immature virions. By contrast, Env proteins with CTs of 46 amino acids or less, including CT104, CT126, and CT144, were removed from immature HIV-1 particles upon detergent treatment. These results suggest that a region of the CT between 46 and 57 amino acids is necessary to link gp41 to Gag in immature HIV-1 particles.
Analysis of point mutations in the C-terminal region of gp41. To more precisely identify residues in LLP-1 required for inhibition of immature HIV-1 particle fusion, we generated alanine-scanning substitutions (CT-3A mutants) between V810 and L854 in the gp41 CT (Table 3) . To assess the effects of the mutations on expression and particle incorporation of Env, we analyzed the levels of gp120, gp41, and CA in pelleted virions and gp120, gp41, and Nef in cell lysates by immunoblotting ( Fig. 5A and B) . Most of the mutants produced levels of cell-associated Env protein equivalent to or slightly higher than wild-type Env (Fig. 5B) . Exceptions were the 832 and 839 mutants, which were found to express approximately one-half the normal level of cell-associated gp41 when normalized for Nef expression (Fig. 5C) . Two of the mutants, 848 and 851, exhibited markedly reduced levels of particle-associated gp41 despite efficient cellular expression of Env (Fig. 5C) . Thus, the efficiency of Env incorporation in the mutant was not solely determined by the level of cellular expression of Env. Comparison of the levels of gp120 and gp41 in viral lysates revealed elevated gp120/gp41 ratios in several of the mutants, including 848 and 851, relative to wild type (Fig. 5D) . Collectively, the results indicate that point mutations near the end of gp41 can alter Env expression, incorporation, and stability. Analysis of the viruses in single-cycle infection assays revealed approximately fourfold differences in infectivity among the mutants (unpublished data). Two of the mutants (832 and 839) were highly infectious despite exhibiting reduced Env incorporation. Explanations for this discrepancy may include the elevated gp120/gp41 ratio observed with these mutants (Fig. 5D) as well as a possible nonlinear relationship between infectivity and the level of particle-associated Env protein.
In agreement with our observations, other investigators have also reported that point mutations and deletions in LLP-1 can reduce HIV-1 fusion and infectivity (19, 31) . Mutation at the C terminus of HIV-1 Env uncouple virus entry from maturation. To test the hypothesis that the HIV-1 C-terminal domain LLP-1 regulates immature HIV-1 fusion, we quantified the ability of mature and immature BlaM-Vpr reporter viruses bearing the point mutant Env proteins to fuse with target cells. The results revealed that all of the immature virions were less able to fuse with the cell than their corresponding mature virus particles (Fig. 6A) . However, the fusion of two of the mutants, 836 and 851, was significantly less dependent on maturation than HIV-1 particles containing the wild-type Env protein (Fig. 6B) . The ratio of gp120 to gp41 on 836 and 851 particles was equal to or greater than that of wild-type Env (Fig. 5D) , suggesting that these mutations do not destabilize the gp120-gp41 association. This is in contrast to the shorter gp41 truncation mutants (e.g., CT144), which exhibited decreased gp120/gp41 ratios. Collectively, these results indicate that a small region of the distal C-terminal region of the gp41 CT determines the dependence of HIV-1 fusion competence on particle maturation. While the 851 mutant Env protein exhibited markedly reduced incorporation into HIV-1 particles, this was not the case with the 836 mutant, indicating that the reduction in Env incorporation is unlinked to maturation-dependent regulation of HIV-1 fusion. Immunoblot analysis of detergent-treated immature HIV-1 particles bearing the 836 and 851 mutant Env proteins revealed that the mutant gp41 proteins remain associated with the particles (data not shown). These results further reinforce the conclusion drawn from analysis of the gp41 truncation mutants that the detergent-stable association of Env with immature HIV-1 particles is not sufficient for efficient coupling of fusion to particle maturation.
DISCUSSION
In this study, we tested the hypothesis that HIV-1 fusion is coupled to maturation by a physical link between the gp41 CT and the core within immature particles. We and others had previously shown that immature HIV-1 particles are repressed for fusion with target cells and that repression is not observed in particles lacking the gp41 CT (26, 38) . Our prior observation that the full-length, but not CT-deficient, HIV-1 Env protein exhibits a detergent-resistant association with immature HIV-1 particles (39) suggested that the gp41 CT forms a stable link to a component of the viral core, most likely via the Gag polyprotein. We therefore sought to determine whether the interaction of Env with immature particles was sufficient and/or necessary for repressing fusion of immature HIV-1. Through analysis of viruses containing mutations in the gp41 CT, we observed that removal of 28 or more amino acids substantially relieved the impaired fusion of immature HIV-1 particles. By contrast, removal of as many as 93 amino acids from the carboxyl terminus of gp41 resulted in Env proteins that retained the detergent-resistant association with immature particles. Although some of the truncations resulted in a reduced gp120/ gp41 ratio and/or reduced Env incorporation, the reduced dependence of fusion on particle maturation was not linked to either of these phenotypes. Collectively, our data indicate that formation of a stable link between gp41 and the immature core is not sufficient for coupling HIV-1 fusion to maturation. Previous studies have shown that intermediate truncations of the gp41 CT result in a defect in HIV-1 particle incorporation of Env even in cells, such as HeLa and 293T, in which HIV-1 does not require the full-length CT for incorporation (17, 28, 37) . In the present study, we further defined a region of the gp41 CT required for Env expression. Removal of 59 to 90 amino acids from the C terminus of gp41 resulted in a strong reduction in cell-associated Env protein, but a mutant Env lacking the C-terminal 93 amino acids was expressed well. This region encompasses a predicted amphipathic helical segment termed LLP-2; the apparent instability of these mutants suggests that the structure of LLP-2 may be improperly folded in the context of the truncated protein and may be degraded intracellularly. Two regions of the gp41 CT (spanning residues 750 to 763 and 764 to 785) have been shown to promote accumulation of Env in the Golgi complex and reduce Env expression at the cell surface (6) . The CT93 mutation corresponds to a truncation at Env codon 762; thus, the difference in incorporation of CT90 and CT93 may be due to an inhibitory sequence retained in the CT90 mutant Env protein. Analysis of alanine-scanning mutants further identified a region near the extreme carboxyl terminus of gp41 required for efficient Env incorporation. Two such mutants exhibiting impaired Env incorporation, 845 and 848, encoded substitutions in arginine residues identified as critical for HIV-1 particle incorporation of Env in a previous study (19) .
In this study, we identified two gp41 CT point mutants (836 and 851) that exhibited a markedly reduced dependence of HIV-1 fusion with target cells on particle maturation. The results establish a novel role of the extreme C-terminal gp41 domain known as LLP-1 in inhibiting the fusion of immature HIV-1 particles. LLP-1 is predicted to form an amphipathic helix that has the potential to interact with membranes, and peptides containing this sequence have been shown by circular dichroism spectroscopy to form helical structures in solution (19) . LLP-1 has been reported to be involved in Env oligomerization, stability, membrane binding, cell surface expression, and incorporation of Env into virus particles (1) . Structural modeling of LLP-1 suggests that Y835 and L849 are on the hydrophobic face of the amphipathic helix, while R836 and E850 lie on the hydrophilic face. It is thus possible that these mutations uncouple fusion from maturation by disrupting the amphipathic nature of LLP-1, resulting in its dissociation from the viral membrane.
The Env subunit gp120 is noncovalently bound to gp41; this heterodimeric complex can be dissociated, resulting in a selective reduction in gp120 on HIV-1 particles. In previous studies, we consistently observed a decrease in gp120 levels versus gp41 in particles lacking the C-terminal 144 amino acids of gp41 (38, 39) . In the present study, we also observed a selective decrease in gp120 versus gp41 levels on all of the particles bearing truncated Env proteins ( Fig. 2A) . Thus, the gp41 CT appears to be important for maintaining the gp120-gp41 heterodimer. A similar conclusion was drawn in a recent study of gp41 mutations in SIV (1). We did not observe a selective reduction in gp120 on the alanine-scanning gp41 mutants, yet two of these mutants exhibited reduced dependence of fusion on particle maturation ( Fig. 5 and 6 ; mutants 836 and 851). We conclude that the selective loss of gp120 from the virus particles is not necessary for uncoupling HIV-1 fusion activation from particle maturation. Furthermore, our results did not reveal a correlation between particle-associated Env levels and maturation-dependent fusion, thus arguing against an indirect effect of the mutation on maturation-dependent fusion via altered Env incorporation.
Recently, a requirement of the host cell protein TIP47 for HIV-1 particle incorporation of full-length Env protein into HIV-1 particles has been demonstrated (4, 22) . TIP47 binds both Gag and Env, apparently promoting their interaction in cells. A diaromatic motif, YW, in the gp41 CT is required for TIP47 binding and Env incorporation. Our present studies suggest that TIP47 binding to gp41 is not sufficient for the maturation dependence of HIV-1 particle fusion, as the mutations in the C-terminal region of gp41 that uncouple fusion from maturation are not expected to reduce TIP47 binding to gp41. However, it remains possible that TIP47 binding to gp41 alters the conformation of the CT, thus allowing it to bind efficiently to Gag and locking Env into a fusion-inactive state. Mutations in the distal region of the CT may thus uncouple fusion from maturation by preventing formation of a specific structure induced by TIP47 binding. Testing this hypothesis may require structural studies of the gp41 CT in its free and TIP47-bound conformations.
We have previously proposed two models to explain the inhibitory effect of the gp41 CT on immature HIV-1 particle fusion (38) . In the first, the binding of the gp41 CT to Gag inhibits the receptor-induced conformational changes in gp120 and/or gp41 required for fusion. Currently, there is no direct evidence supporting this model. Wyss et al. recently reported that truncation of the gp41 CT leads to enhanced cell-cell fusion and exposure of CD4-induced epitopes on gp120 (41), but these effects required a more extensive truncation than that which we observed to be sufficient to derepress the fusion of immature HIV-1 particles. Murakami and coworkers reported that immature HIV-1 particles exhibit efficient binding of a gp41 monoclonal antibody capable of recognizing gp41 in the postfusion conformation (26) . This result suggested that the Env protein present on immature HIV-1 particles is capable of undergoing fusion-related conformational changes, thus arguing against the conformational model. In the second model, the Env conformation change required for fusion may be induced normally on immature HIV-1 particles, but the stable association of gp41 with Gag may constrain the ability of Env to move laterally within the viral membrane. Consequently, the impaired clustering of Env on the surface of immature virions could significantly inhibit their ability to undergo fusion. However, our present results indicate that a stable association of Env with Gag is not sufficient for inhibiting fusion of immature HIV-1 particles with target cells, arguing against the lateral diffusion model. Furthermore, infection analysis of HIV-1 particles containing mixed Env oligomers led Yang and coworkers to conclude that a single functional Env trimer was sufficient to mediate HIV-1 fusion and infection (44) . Based on these observations, we favor a model in which the interaction of the LLP-1 segment of the gp41 CT with Gag within immature HIV-1 particles inhibits the receptor-induced conformational changes required for fusion. This hypothesis requires further study by assaying the binding of a panel of conformationdependent HIV-1 Env antibodies to mature and immature HIV-1 particles. The mutants characterized in the present study will be useful for linking observations obtained in such experiments to maturation-dependent regulation of HIV-1 fusion.
In an interesting paper, Kol and coworkers recently reported evidence for a third mechanism by which the gp41 CT may inhibit immature HIV-1 fusion (20) . Using atomic force microscopy to measure the stiffness of HIV-1 particles, they showed that immature HIV-1 particles are significantly more rigid than mature particles. Truncation of the gp41 CT, or pseudotyping by heterologous Env proteins with short CTs, reduced the stiffness of immature HIV-1 particles to a level similar to that of mature virions. These remarkable observations suggest the possibility that the gp41 CT inhibits fusion of HIV-1 particles by preventing deformation of the particle following lipid mixing between virus and cell membranes. It is therefore possible that interactions between the gp41 CT and Gag lock the immature particle into a structurally rigid sphere and that deformation of the particle is a specific requirement for fusion pore expansion. How this would occur with the relatively low number of Env trimers present on the surface of HIV-1 particles (8) remains to be determined.
